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Abstract 
Coastal farmland along the Venice Lagoon catchment is threatened by saltwater contamination posing a serious risk 
for agricultural activities. A research project was recently started to understand the dynamics of salt water intrusion 
and soil desertification. The spatial simulated annealing (SSA) was used to optimize the soil sampling scheme in a 25 
ha study area taking into account sampling constraints, the field shape, and apparent electrical conductivity (ECa) 
investigations as auxiliary information. The results show how the sampling procedure is able to consider the 
heterogeneous nature of the site. 
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1. Introduction 
The Venice watershed is located in the eastern part of the Po river plain, Italy, and includes a very 
precarious coastal environment subject to both natural and anthropogenic changes with a significant and 
economically important fraction of the coastal farmland presently below the mean sea level. In the 
hydrogeological context of the Venice coastland, a large risk of saltwater contamination characterizes the 
southernmost area because of the geomorphological setting of the coastal plain. The saltwater intrusion is 
connected to the natural geomorphological features of this area, i.e. the presence of sandy paleo-channels 
and a land elevation well below the mean sea level. The time and space behavior of salt contamination is 
influenced by other anthropogenic factors, such as the activity of several pumping stations used to keep 
drained the area, groundwater withdrawals, irrigation and freshwater releases during the summer dry 
months [1]. Because of the serious environmental and socio-economic impacts induced by soil and 
groundwater salinization, a project was undertaken in 2010 to develop and apply an integrated 
methodology to quantify effectively the saltwater contamination in a 25-ha site in the coastal farmland 
and assessing the effects of the sediment/water salinization on the soil quality. Here we present a method 
of optimizing spatial sampling on the area using auxiliary information in the form of apparent electrical 
conductivity. 
2. Materials and Methods 
2.1. The study site 
The site is located in Ca’ Bianca (12°13'55.218"E; 45°10'57.862"N), right south of the Venice Lagoon, 
approximately 5 km from the Adriatic Sea (Fig 1). The area was occupied in the 19th century by swamps 
and was reclaimed at the beginning of the past century. At present it lies entirely below mean sea level, 
mostly between 2 and 4 m below msl, and is cultivated mainly with maize. Geomorphological 
investigations at the basin scale have shown that fluvial and deltaic sedimentations constitute the 
outcropping deposits. The area is well known to be affected by saltwater contamination down to about 20 
m depth with the presence of a first confined fresh-water aquifer 45-50 m below msl [2]. 
Fig.1. The study area: (a) location with respect to the Venice Lagoon; (b) the EMI equipment used in this study mounted on a 
wooden sledge ; (c) transects (dots) of the measurements of electro-magnetic induction 
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2.2. ECa Survey 
Apparent electrical conductivity (ECa) at three different investigation depths (from 0 to 0.75 m – 
EC75; from 0 to 1.50 m –EC150; from 0 to 6.00 m – EC600) was measured in April 2010 with a CMD 
electromagnetic conductivity meter (GF Instruments) (Fig 1.c). This geophysical instrument measures the 
induced secondary magnetic field, whose imaginary part (out-of-phase) is proportional to the ground 
conductivity (in mS/m). The CMD instrument allows two depths of investigation with a constant 
operating frequency (10 KHz), according to the geometrical configuration of the probe, i.e. horizontal or 
vertical loops, High or Low positions. Depth range and resolution are closely related: the larger the depth 
range the lower the resolution and vice versa. The CMD-1 probe was used in continuous measurement 
mode connected to a GPS and mounted on a mobile platform (Fig 1.b). It was used in both Low and High 
configurations with 0.5 s time acquisition interval, corresponding to a 0-0.75 m and 0-1.5 m investigation 
depth, respectively. A hand-held single-depth EMI probe was used (CMD-4; GF Instruments) in High 
position to survey the 0-6.00 m depth range. ECa surveys were conducted prior to maize sowing when 
volumetric water content in the first 0.4 m profile averaged 35% and depth to the water table was 
approximately 0.75-0.8 m.  Negative values of EC75 were observed in the north-eastern corner of area 
probably due to electromagnetic disturbance of a nearby military base. These values were masked and not 
considered for spatial analyses. In total 17321, 20710, and 11608 data were recorded for EC75, EC150, 
and EC600, respectively. 
2.3. Spatial Simulated Annealing and Geostatistical Procedures 
Simulated spatial annealing [3] was applied to optimize the sampling scheme of the study area in regard 
of its irregular shape and its unevenly distributed soil properties.  The central concept in SSA is the fitness 
function φ(S) which has to be optimized to a global minimum. SSA proceeds by random perturbation of 
an initial set of those parameters (x and y coordinates) which describe φ(S). Perturbations with a better 
fitness for φ(S) are all accepted. To avoid local minimums of φ(S), those perturbations that do not improve 
the function are also accepted with a probability of acceptance described by the Metropolis-criterion [4]. 
As the optimisation process evolves, the maximum perturbation decreases, forcing the sampling scheme 
to “freeze” in its optimal configuration. The approach shows a wide flexibility in defining several 
optimisation criteria with their corresponding fitness functions because different surveys may have 
different purposes [5]. The so-called MMSD (Minimization of the Means of the Shortest Distances)-
criterion, which minimizes the expectation of the distance of an arbitrary point to its nearest observation 
point, has frequently been used in the past [6].  
To densify the sampling scheme in areas with high heterogeneity, MWMSD (Minimization of the 
Weighted Means of the Shortest Distances)-criterion can be used. The MWMSD-criterion, a weighted 
version of the MMSD-criterion, introduces a location-dependent weighting function in φ(S) as follows: 
xdxVxxwS s
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where: x
&
 denotes a two-dimensional coordinate vector; w( x& ) weighting function; Vs( x& ) the coordinate 
vector of the sampling point nearest to x
&
. The symbol °° is used as distance vector.  
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Fig 2. Direct variograms and cross-variograms between electrical conductivity at 0-0.75 m, 0-1.50 m, 0-6.00 m in four different 
directions: N (N0), NE (N45), E (N45) and SE (N135)
EMI surveys showed a high heterogeneity in ECa values, which is accountable on both soil chemical and 
physical properties. The ECa gradient was chosen as weight to increase the sampling density in the areas 
of expected maximum variation. A multi-stage sampling design was applied to define the sampling 
scheme. Firstly, the MMSD-criterion was used to allocate 40 sampling points evenly throughout the study 
area. In a second step the MWMSD-criterion was apply to allocate the other 80 points. To take into 
account the variability along the soil profile, 40 points were distributed according to EC75 and the 
remaining to EC150. The sampling procedure used in this work was implemented in the freeware SANOS 
[4]. To be sure the absolute minimum in annealing simulation had been reached; the procedure was 
repeated 7 times with a different initial seed, verifying that the point distributions actually remained the 
same.  
Ordinary kriging was applied to interpolate ECa data and reduce spike values due to measurement errors. 
The variogram study allowed also retrieving important information on the spatial structure of the soil 
parameter. Before applying univariate analysis, EMI data were transformed and standardized into 
Gaussian values Y(x) using an expansion into Hermite polynomials [7]. After variogram modelling, 
ordinary kriging was applied and then the estimates were then back-transformed to the raw variables. 
3. Results and Discussion 
Anisotropic variograms were observed for all the three EC measurements (Fig. 2). In particular, non-
stationary variograms were obtained along N0 and N45 directions, most likely due to the salinity 
intrusion from the rivers and the lagoon.  EC600 was spatially correlated with both EC75 and EC150, 
approximately up to 25 m and 70 m respectively. Conversely EC75 and EC150 resulted no spatially 
correlated. Therefore, in order to represent the different structures of variability along the soil profile, 
sampling was optimized according to the gradient estimated in the krigged maps of EC75 and EC150.  
The EC75 variogram was fitted by a directional nested model including a nugget effect, a directional 
spherical model along N40 direction with a short-range of 150 m and a long-range of 1500 m and a 
directional spherical model along N130 direction with a short-range of 90 m and a long-range of 151 m.  
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Fig 3. Kriging estimation maps for ECa at 0-0.75 m and 0-1.50 m 
Fig 4. The optimized sampling scheme: (a) the whole 120 points finally obtained by the proposed procedure, (b) the 40 points 
detected using the digital gradient of the grid-interpolated EC075; (c) the 40 points selected using the digital gradient of the grid-
interpolated EC150
Also in the case of EC150 a directional nested model was fitted including a directional spherical model 
along N10 direction with a short-range of 235 m and a long-range of 3300 m and a directional spherical 
model along N100 direction with a short-range of 120 m and a long-range to “infinity” (zonal anisotropy). 
Cross-correlation test was performed to evaluate the consistency of the variogram models. For both the 
variables R2 > 0.98. 
ECa krigged maps show a large variability (Fig. 3) ranging from 4 to 206 mS/m and from 32 to 328 mS/m 
for the EC75 and EC150, respectively. EC150 map is characterized by higher values in the northern part 
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with a positive gradient toward the rivers and lagoon. This trend suggests a direct effect of the saline 
intrusion on ECa soil profiles. Both the maps show also a NW-SE band with low ECa values that 
corresponds to a sandy paleo-channel crossing the site. Gradients maps (Fig. 4.b and 4.c) exhibit higher 
values along the boundaries of the paleo-channel, especially in the northern part where soil salinity is 
expected to be higher. Conversely the SW area shows a low gradient in both of the maps. EC75 gradient 
could not be calculated in NW corner of the study site due to electromagnetic disturbance occurred during 
acquisition, nevertheless the same area showed in general a low gradient in EC150. A continuous NW-SE 
oriented line of filling subsoil added over a deep gas pipeline is also visible in the northern part of the 
maps. Fig. 4.a shows the optimized sampling scheme. The use of the MMSD-criterion to set 40 
preliminary sampling points ensured a good coverage of the area. The first 40 points were placed in a 
grid-like design where the only irregularities of the grid are caused by the irregular shape of the site. 
MWMSD-criterion allowed allocating the remaining 80 points in areas with higher gradient. In particular, 
the transaction zone along the paleo-channel was sampled with higher density in both the EC gradient 
maps. Moreover, few points were placed along the gas pipeline. The multistep approach allowed also 
covering even the NW corner where EC75 was not available placing 7 and 11 points according to MMSD 
and MWMSD criteria, respectively. It is clear that MWMSD-criterion causes the number of samples to 
increase in the sub-regions with higher priority (greater gradient). 
4. Conclusions 
The study site is characterized by a high degree of variability due to natural and anthropic phenomena. 
The proposed multistep approach allows considering this particular condition and optimizing the 
sampling scheme. ECa maps have proven very effective to drive the optimization procedure of sampling 
location, distinguishing between areas with different priority levels. 
Acknowledgements 
The work has been developed within the Research Programme "GEO-RISKS: Geological, 
morphological and hydrological processes: monitoring, modelling and impact in the north-eastern Italy", 
WP4, funded by the University of Padova, Italy.  
References
[1] de Franco R, Biella G, Tosi L, Teatini P, Lozej A, Chiozzotto B et al.  Monitoring the saltwater intrusion by time lapse 
electrical resistivity tomography: The Chioggia test site (Venice Lagoon, Italy). Journal of Applied Geophysics 2009;69:117-130 
[2] Viezzoli A, Tosi L, Teatini P and Silvestri S. Surface water–groundwater exchange in transitional coastal environments by 
airborne electromagnetics: The Venice Lagoon example. Geophysical Research Letters 2010;37:1-6 
[3] Metropolis N, Rosembluth A, Rosembluth M and Teller A. Equation os state calculations by fast computing machines. J. 
Chem. Phys.1953; 21:1087-1092  
[4] van Groenigen JW and Stein A. Constrained Optimization of Spatial Sampling using Continuous Simulated Annealing. J. 
Environ. Qual. 1998; 27:1078-1086  
[5] Castrignanò A, Morari F, Fiorentino C. Pagliarin C and Brenna S. Constrained optimization of spatial sampling in skeletal 
soils using EMI data and continuous simulated annealing. 1st global Workshop on High Resolution digital soil sensing & mapping. 
5-8 February 2008. Sydney, Australia 
[6] van Groenigen JW, Siderius W and Stein A. Constrained optimisation of soil sampling for minimisation of the kriging 
variance. Geoderma 1999;87:239-259. 
[7] Wackernagel H, Multivariate geostatistics. In: An Introduction with Applications. Third edition. Springer Verlag, Berlin, 
Germany; 2003 
